branching which accounts for special phenomena observed in the lowtemperature region of combustion. Further support for the mechanism is obtained from the oxidation of hydrocarbon molecules sufficiently long to permit ring closure. The investigations recorded here are a development of the work of Egerton and Pidgeon* on the absorption spectra of burning hydrocarbons, which had included investigations of the absorption and slow combustion of alcohols up to amyl alcohols, aldehydes up to valeraldehyde, acids up to butyric; amylene, ethylene, ethyl acetate, ethyl hydroperoxide, diethyl peroxide, and of anti-knocks such as lead tetraethyl, iron carbonyl, butyl iodide, and aniline.
Investigations on the Combustion of Hydrocarbons II-Absorption Spectra and Chemical Properties of Intermediates
The results were compared with the slow combustion of the normal hydrocarbons up to pentane, in the same apparatus. The only inter mediates which could be demonstrated spectroscopically in the slow combustion of hydrocarbons were formaldehyde and organic acids, mainly because only these substances have a sufficiently large absorption coefficient to be detectable at the concentrations occurring. In addition, a characteristic band was discovered at the end of the (pseudo) induction period, in the slow combustion of the higher hydrocarbons, though the molecule responsible for it was not identified, in spite of a considerable search among the ordinary products of slow combustion.
Since this band was apparently common to a number of hydrocarbon oxidations, it was obviously important to investigate its nature in a * ' Proc. Roy. Soc., ' A, vol. 142, p. 26 (1933) . special research. In the experiments to be described in this paper, the following investigations were pursued:
(1) In order to map the possibilities of the method, a study was made of all the compounds with characteristic absorption spectra that might arise in slow combustion. The compounds investigated are listed on the chart. Ethyl ether was also reinvestigated on account of its very easy peroxidation.
(2) The influence of certain catalysts such as N 0 2 on the slow com bustion of hydrocarbons was studied, to see whether any fundamental difference of process was detectable.
(3) A special study was made of the absorption spectra and slow com bustion of ring compounds, including one O atom, in an attempt to discover the origin of the band arising in the slow combustion of the higher hydrocarbons. Since this first appears for butane, it might seem to depend on ring formation of some kind.
Among the compounds investigated were furan, furyl alcohol, furfuraldehyde, furoic acid, succinic anhydride, a-methyl furan, tetrahydromethyl furan, epoxy 1-4 pentene 4, and pentene 5, tetrahydrofuryl alcohol, butyrolactone, a-and (3-angelilactones, y-valerolactone, levulinic acid, ethers of tetrahydrofuryl alcohol, dihydropyran, tetrahydropyran, and dimethyl pyrone.
(4) Spectroscopic methods were repeatedly used in investigating the nature of the products of slow combustion obtained as described below, and in particular in studying the properties of the substance X, responsible for the new absorption band, once its method of isolation had been worked out.
Investigations on the Combustion o f Hydrocarbons 379 E xperimental M ethods a n d R esults
The experimental methods have already been described.* Air, or when necessary nitrogen, was saturated with the vapour of the substance at various temperatures, and the absorption spectrum of a column about 80 cm long was measured with an ultra-violet spectrograph Hilger E.31; the spectra extended from 4200 A to 2000 A with the high-frequency discharge in hydrogen as source. When necessary the column could be shut off, and its temperature gradually raised to study the slow combustion of the contents. In some cases the product was carefully pushed along the tube with nitrogen, in order to study the absorption of different lengths of column. A summary of the regions and general types of absorption obtained under headings (1) and (3) is made in the form of a chart. This represents the general regions of absorption, with the following con ventions :
(1) The concentration of vapour was selected so as to show clear absorption spectra which could be re-identified, if necessary, in a mixture of unknown substances, since the temperature of such a mixture could be varied till it likewise gave a suitable concentration of vapour. The chart and spectra were thus used for the qualitative identification of sub stances under circumstances which made chemical identification im possible.
Fig. 1-Description o f chart o f general regions o f absorption in the ultra-violet. Band absorption is indicated by fine lines, continuous absorption by black bands.
The selection o f suitable concentrations has been referred to in the text. Wave-lengths were based on photographs o f the mercury arc.
(The gaps correspond to gaps in the chart) (2) Regions of banded absorption are indicated by fine vertical lines, but the exact positions are only given for substances like benzene, where the chief bands are very prominent. Continuous absorption is indicated by black bands, the slope of the edge being a measure of the sharpness of the end of the absorption region.
The following notes may be added with regard to the behaviour of the compounds in the cold, and on slow combustion.
(a) All compounds containing a -CHO group showed a series of absorption bands roughly in the same region (3000-3600 A), but minor differences made it quite easy to distinguish the aldehydes. Thus form aldehyde and aldehydes with a double bond conjugated with C = 0 have sharp band spectra, quite distinct from that of acetaldehyde, and still more from that of the higher aliphatic aldehydes, which have diffuse bands only.* In addition, glyoxal and diacetyl showed a second region of absorption between 4500 A and 4000 A. Acetal in agreement with its chemical inertness showed no marked absorption. Furfuraldehyde in addition to the strong absorption of the furyl group showed weak absorp tion in the aldehyde region. On slow combustion the aldehydes burnt away, and generally gave rise to formaldehyde.
(b) Unsaturated compounds gave a remarkably sharp cut-off, the position being nearer the visible in the higher olefines. This behaviour was common to all unsaturated compounds investigated, including allyl derivatives and furane. The energy involved in the absorption process corresponds roughly with that required to break one link of the C -C double bond; if this proved to be the process of electronic excitation, a valuable optical means of testing the influence of substituents on the double bond would be available. On slow combustion the olefines gave increased cut-off and formaldehyde, but no evidence was ever obtained of the formation of X.
(c) All the ketones CH 3COCH3, C H 3COC2H5, C 2H5COC2H5, and CH 3COC3H7 produced the same region of continuous absorption in the spectra (cf. fig. 15 , Plate 6). This continuous band is closely similar to that of X in appearance, but the position of its maximum is definitely nearer the visible. On slow combustion up to 370° C tests with SchifiPs reagent showed the production of aldehydes, but the amounts were too small for optical identification.
(d) Organic peroxides of all kinds gave continuous absorption which extended further to the visible at higher concentrations. It was interest ing to note that with C 2H5OOCH2(OH) formaldehyde appeared at 45° C, probably owing to thermal dissociation of the compound. With diethyl peroxide and air flowing through the heated tube chemical tests showed the production of COa at 110° C, and optical tests showed HCHO at 170° C. With C 2H 5OOH corresponding temperatures were 130° and 200° C. These very low temperatures have already received comment.
(e) Benzene showed its characteristic absorption spectrum, which was modified by substituents as in phenol and naphthalene. The absorption coefficient is so high that the four lines 2650-2420 A were sometimes found in quite distinct products boiling around 80° C. Benzene oxidized to give a sharp cut-off.
(/) The absorption spectrum of S 0 2 was included since it was formed, e.g., in the oxidation of impure ether. Methyl iodide had an absorption region almost identical with X. N O a is formed in many combustions, but only at temperatures and pressures higher than those used in these experiments. Special experiments, fig. 5 , Plate 5, showed that although the addition of N 0 2 lowered the temperature of first appearance of X with hexane from 300° to 240° C, there was no other difference detectable in the slow combustion. Amyl and ethyl nitrites had similar absorption spectra, fig. 16 , Plate 6, and the addition of 0-03% of ethyl nitrite to hexane lowered the temperature of appearance of X to 255° C.
(g) A specially purified sample of Tso-pentane was tested to see if branched isomers gave X, and a very definite band was noted. Dimethyl keten gave a sharp cut-off, but no absorption corresponding with a carbonyl group, in agreement with the chemical properties. The com bustions of propyl and wu-propyl alcohols gave no X bands or features o f interest apart from the formation of formaldehyde. Acetyl acetone and ethylacetoacetate gave sharp cut-offs, and acetic anhydride a small cut off only.
(h) Furan gave a sharp cut-off, which moved towards longer wave lengths as the furan air mixture (of constant composition) was raised to 100° C. No combustion products were optically detectable up to 250° C, fig. 12 , Plate 6. On introducing a methyl group, as in a-methylfurane, a set of sharp bands appeared at higher concentrations, fig. 13 , Plate 6, in addition to a similar cut-off. The substitution of either -CH 2(OH) or -CHO in the furan nucleus gave a very characteristic set of bands, fig. 6 , Plate 5, the absorption coefficient being so high that furyl derivatives are readily shown, e.g., in air passed over gently warmed sucrose. Sub stitution of -COOH gave a region of continuous absorption in place of the sharp furyl bands, and a shift to the ultra-violet, indicating an inter action between the -COOH and the furyl nucleus, in agreement with the chemical properties. Succinic anhydride gave practically no absorption, suggesting the absence of the enol form.
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On slow combustion all these compounds just burned away, the absence of characteristic intermediates being partly due to the fact that once the ring is broken very easily oxidized substances are formed, and do not ac cumulate, and partly to the high-absorption coefficient o f furyl com pounds, which necessitated the use of low concentrations, thus reducing the chance of observing oxidation products o f low-absorption coefficient.
(i) Tetrahydromethylfuran and tetrahydropyran gave a sharp cut-off which was likewise present in a number of derivatives. On slow com bustion, a characteristic cut-off and the production of formaldehyde bands was observed, but the absorption in the far ultra-violet was too complete to detect if X was formed, figs. 10 and 11, Plate 6.
Epoxy 1-4 pentene 4 and pentene 5 gave larger cut-offs, and similar , absorption spectra on slow combustion as the fully hydrogenated com pounds. D ihydropyran gave a very characteristic band spectrum in addition to the cut-off of O ring compounds, fig. 14, Plate 6; on combustion all these compounds resemble the hydrocarbon spectra, except that absorption in the far ultra-violet is too complete to show X bands, if they were formed. The alcohol 1 hydroxy pentene 5 gave a cut-off, but no marked phenomena on combustion.
Tetrahydrofuryl alcohol is so involatile that no m arked absorption was observed with the vapour up to 80° C, but the methyl and ethyl ethers gave the same cut-off as tetrahydromethylfuran, and on slow combustion gave rise to an absorption band closely resembling X, but probably slightly further to the ultra-violet, fig. 7 , Plate 5.
Pure ethylene oxide and dimethyl pyrone vapour up to 80° C showed no marked absorption, nor did levulinic acid, y-valerolactone, and butyrolactone. Both a-and (3-angelilactones showed cut-offs, and on com bustion gave a continuous absorption band closely resembling X, fig. 8 , Plate 5.
The conclusions from these investigations were that the characteristic X band was produced by norm al hydrocarbons from butane upwards, and by i s o-pentane. Ethyl nitrite and N O a lower the temperature of its first appearance, but not the general course o f its formation. N o X band was produced by butylene and the amylenes, nor did the interruption of the butane chain by oxygen, as in ethyl ether, lead to the production of X, in spite of the much lower temperature o f combustion.* A cut-off and formaldehyde bands produced by tetrahydromethylfuran, tetra hydropyran, and a number of derivatives on slow combustion resembled the general phenomena for hydrocarbons, but if X was produced its * Absorption only occurs in the formaldehyde region, fig. 17 , Plate 6. concentration was too high for the short wave-length edge of the absorp tion region to be visible. Regions similar to X were, however, produced in the slow combustion of ethers of tetrahydrofuryl alcohol, and a-and (3-angelilactones. None of the stable compounds investigated (except methyl iodide) showed absorption corresponding to X, so that the mole cules responsible for it are not included in the stabilized products of combustion hitherto reported.
X is thus a combustion product of the paraffins, and possibly of a number of O ring compounds, such as the unsaturated lactones and tetrahydrofuryl ethers.
2-Chemical Investigation of Intermediates
The results described in the previous section suggested a chemical study of intermediates in the slow combustion of hydrocarbons. In pentane, intermediates formed at the beginning of the attack on the molecule would mostly still contain five carbon atoms, with the possible exception of formaldehyde. Following the spectrographic indications of the previous section, the chemical evidence for the formation of O ring compounds was investigated. Special attention was also paid to the peroxides which could be isolated during slow combustion.
The outcome of these investigations has been to substantiate both the formation of fully hydrogenated rings and of dihydropyran, etc. The peroxides which could be isolated were at least in part formed by the direct addition of oxygen to unsaturated O ring compounds. Further more, the substance X responsible for the absorption band in the slow combustion of paraffins arises from the decomposition of these peroxides, and apparently resembles the hydrofuryl residue of ascorbic acid, both in the absorption spectrum, large absorption coefficient, and chemical instability.
Preliminary experiments were performed on the slow combustion of specially pure hexane, using a method similar to that described by Mondain Monval and Quanquin.* At 300° C the combustion products separated into a hydrocarbon layer and a dense aqueous layer, both smelling of burnt sugar, aldehydes, etc. The aqueous layer had a much stronger peroxide reaction than the hydrocarbon layer, and the vapours from the aqueous layer likewise showed a much stronger X band, thus showing for the first time that this substance was sufficiently stable to be isolated, at least in a mixture. Fractionation of the hexane layer gave a raction boiling 75°-85° with a sharp ethereal smell characteristic of O * ' Ann. Chim. (Phys.), ' vol. 15, p. 309 (1931) .
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ring compounds. One experiment gave furfuraldehyde derivatives with very definite aniline acetate reaction and furyl absorption spectrum, but this could not be repeated. Subsequent experiments were carried out with «-pentane, for the follow ing reasons.
(a) Pentane boiling at 36-5° could be freed with certainty from all naphthenes and aromatic compounds, as well as from olefines. This was an important consideration, since the large amounts required in view of the complex mixture of products precluded the use of synthetic hydro carbons. The chief impurity in the pentane used was wo-pentane, and special experiments with pure wn-pentane showed that although its slow combustion was less marked that that of «-pentane under the same conditions, the same band X was produced at the end of a (pseudo) induction period. Furthermore, combustion of the wo-compound takes place more readily in the mixture than when pure.
(i b) The rather complicated chemistry of some O ring compounds with five carbon atoms has recently been worked out by Paul,* so that com parison compounds were more readily available than with hexane.
(c) Although the stability of certain important products probably increases with the number of carbon atoms, the number of possible products likewise increases to an undesirable extent.
Tests showed that a moderate excess of fuel favoured the production of peroxides, though a large excess seems to suppress them. In order to economize pentane, a circulatory system was constructed, so as to use the pentane again after removing high-boiling products of combustion. The working of the system is clear from fig. 2 . A stream of air from an electric blower (H 2S 0 4 drying made no difference) is passed through pentane in the carburettor A, the temperature being maintained electrically. The fuel-air mixture enters the Pyrex combustion chamber at B; the temperature is controlled electrically (320°-350°) and is measured externally with a thermocouple, the adjustment of temperature and rate of flow, so as to give a good production of peroxide, being empirical. A Pyrex glass inner tube was added in some experiments and was cooled with water, but the additional cold surface did not appreciably increase the yield of peroxide.
Observation of the tube in the dark showed a moderate chemilumi nescence near the exit end when the peroxide was being produced at a suitable rate. The products of combustion were passed into an expansion chamber C, which was filled nearly completely with Pyrex glass condenser tubing, through which cold water circulated. The condensate was collected in D, and the lower layer was drawn off from time to time. The upper layer and a further condensate collected in a liquid air trap were periodi cally returned to the flask F, where fractions boiling below 37°, and containing pentane, unsaturated substances, formaldehyde, and acetalde hyde, were returned to the carburettor by distillation. The higher boiling fractions gradually accumulated in F. Fresh pentane could be added at G. With this apparatus 10-22 cc of crude aqueous peroxide were drawn off per hour, and 150 cc of pentane used up.
To liquid air trap As a result of repeated use of the apparatus the products of combustion gradually accumulated in the higher boiling fractions in F, and in the aqueous layer which was drawn off from time to time. Owing to the use of a circulatory method, estimates of the relative amounts of the various products were not obtained, the method being designed for the collection of the higher boiling fractions only. The usual preliminary tests on organic compounds showed the presence of very reactive products, which gave strongly coloured compounds even with reagents such as con centrated HC1; only a simplified account of the treatment of the mixture is given here, since other methods used did not lead to the separation of characteristic compounds.
Owing to the fact that the water-soluble substances could not be readily distilled from the aqueous layer without destroying the bulk of the per oxide, isolation of O ring compounds was undertaken chiefly with the residue accumulating in F. On careful fractionation, this gave, amongst other products, a fraction boiling at 70°-90° C, which contained cyclic O compounds. This was established as described below.
Tests fo r Cyclic O Compounds in the Pentane Layer-Fractionation of the residues in F gave large amounts of hydrocarbon, etc., boiling up to 50° C. The absorption spectrum showed the presence of a substance giving rise to bands similar to dihydropyran even in these low-boiling fractions, and treatment with bromine followed by distillation showed that about one-third of the mixture was unsaturated. The bromides decomposed on boiling at atmospheric pressure, suggesting the presence of furan and possibly pyran derivatives.
The temperature then rises rapidly to 63°, and after a small arrest at 73° the bulk of the fraction 65°-95° boils in the neighbourhood of 80°. The absorption spectrum shows dihydropyran, particularly in the fraction 81°-105°. The residues boiling above 105° contained no readily identified products of combustion, apart from aldehyde polymers.
The fraction boiling 65°-95° had a sharp ethereal smell, together with some more acrid impurity. On heating with acetic anhydride, only very small amounts of acetates were formed. (The bulk of such alcohols as are formed would remain in the aqueous layer.) On adding bromine vigorous absorption took place. When the yellow colour persisted for some time, the product was repeatedly washed with water to remove cyclic O compounds, etc., and the aqueous layers were salted out with K 2C 0 3. W ater distilled from the K 2C 0 3 waste was used again for economy. By this means about half the original 65°/95° fraction was recovered as a liquid soluble only in a fair excess of water, lighter than water, and almost free from unsaturated compounds. The greater part boiled 75°/85° and had a smell of O ring compounds. The absorption spectrum both in the cold (cut off) and on slow combustion (formaldehyde bands, etc.) was similar to methyltetrahydrofuran and tetrahydropyran, fig. 9 , Plate 6. The refractive index of 1 -392 at 16° compares with 1 -406 for synthetic methyltetrahydrofuran at 14°, showing that the distillate 75°/85° was not quite pure. The chief impurity was probably ethyl alcohol, since on distilling with acid K 2C r20 7 a little acetaldehyde was obtained, detected from its absorption spectrum.
An attempt at further purification was made by boiling the crude product as salted out with K 2C 0 3 with four volumes of 60% HBr on a water-bath, using a reflux condenser. On first adding HBr, the mixture blackened and became very w arm ; this behaviour was strongly reminiscent of partly hydrogenated furan or pyran derivatives, suggesting incomplete removal. A small amount of methyl bromide was evolved. Steam distillation of the mixture after 2 hours' heating gave about 6% of the original ring compound unchanged, together with bromides, 75% of which distilled through the range 180°-210° (Lipp* gives 198°/201° for CH3CHBr . C H 2 . C H 2 . C H 2Br and (CH 2)5 Br2 has the boiling-point 220°). A second distillation gave about 35% boiling 198°-201°, corre sponding with methyltetramethylene bromide. The substance was not pure, however, since it rapidly coloured blue, then brown in air, and resinified a little. These colours suggested the presence of bromine derivatives of partly hydrogenated furans and pyrans, which might have escaped bromination, or have dissolved in the water used for washing out the cyclic O compounds.
Analysis showed that the percentage Br was only 60% in lieu of 69-5%, the approximate composition of the impure brown liquid being (CH2)5Br15O0 5. In order to remove oxygen compounds, the mixture was dissolved in pure pentane, and shaken with strong sulphuric acid till the acid layer no longer gave a cloud on pouring into water. After drying the pentane layer with CaCl2, the compound on evaporating the pentane no longer coloured rapidly in air, and the percentage Br, as determined by direct interaction with alcoholic A g N 0 3 (the action is fairly rapid), had risen to 66%. The portion soluble in H 2S 0 4 was extracted with pentane from the water, and after drying still reacted with alcoholic AgNOa, but much more slowly. It may have contained monobrompyran from the distillation of dibrompyran.f
The bromides left after washing out cyclic O compounds from the brominated 65°/95° fraction with water, gave on distillation a number of fractions, chiefly boiling below the major fraction 95°-110°, with fuming and darkening in air; an important constituent was probably monobrompyran from the decomposition of dibrompyran, but the presence of bromofuran derivatives is not excluded, and made the mixture inconveniently complicated for working up the small amounts available.
If bromination of the crude 65°-95° fraction was omitted before treat ment with saturated HBr, the dibromides distilled as before, but the pyran derivatives were almost completely lost owing to their solubility in water, resinification in the presence of acids, etc.
To sum up the investigation of the pentane soluble residues, the presence o f considerable amounts of saturated ring compounds such as methyltetrahydrofuran, and probably tetramethylene and pentamethylene oxide, was inferred from the boiling-point, solubility in water, absorption spec trum in the cold and on burning, refractive index, and formation of bromides of the right boiling-range, though these have not been obtained absolutely pure, on account of the rather small amounts of the mixtures available. The presence of dihydropyran was inferred from the very characteristic absorption spectrum, violent bromination, and behaviour of the di bromide on distillation. The chemical properties of the mixtures con taining dihydropyran are likewise in agreement with the published properties of this very reactive substance.
Hydroxyacids, aldehydes, alcohols, etc., were also detected in other fractions either from the residues in F, or dissolved in the aqueous layer, but were not obtained sufficiently pure from the complex mixture for complete identification. The am ount of aldehydes formed was very considerable, but only traces of ketones could be detected. This has been commented on in Part I, and suggests that the oxidation of end groups preponderates.
With hexane analogous compounds were formed even more readily, but have not been sufficiently investigated in the literature to make their detection easy. Absorption spectra of compounds similar to dihydro pyran were observed.
Tests on the Peroxide
Three slightly different specimens of a peroxide isolated during the slow combustion of pentane were available: (a) A small concentration in the pentane layer, which was thus preserved from hydrolysis by acids, etc. (b) A solution about 1 • 5 molar with respect to peroxide was drawn off from time to time during the slow combustion of pentane. This aqueous layer was strongly acid, and contained aldehydes, O ring com pounds, dihydropyran etc., which would tend to modify the original peroxide by hydrolysis, formation of hydroxyalkylperoxides with the aldehydes present, etc. (c) A small amount of peroxide was collected as a pentane insoluble aqueous layer in the liquid air trap, so that the changes described under ( b) would be arrested. Owing to the larger amounts available, the bulk of the experiments were carried out with ( b) . On heating with dilute acids this s turbid and charred. On distillation either at ordinary pressures or at a pressure of 6 mm of mercury a very complex series of fractions was obtained. At first there was marked frothing and the evolution of considerable amounts o f acetaldehyde, accompanied by the destruction of the bulk of the peroxide. Alkylene oxides, dihydropyran, etc., then distilled and finally at ordinary pressures a substance distilled with water from 95°-98° C, the vapour from which gave a very much stronger X band than usual. This fraction had no peroxide properties (B = F = M = nil, see below) and is referred to again.
A t a pressure of 6 mm of mercury, similar results were obtained, but in addition small amounts of a peroxide ( ) were collected from 60°-100°, the bulk distilling 80°-100°.
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Chemical Tests
A number of reagents useful for the qualitative differentiation of organic peroxides has been described.* The most im portant o f these are acid K I + starch alone (B) compared with the same reagent with a trace of ferrous salt (F), or a drop of ammonium molybdate under C 0 2 (M). A further test useful in the presence of excess o f unsaturated compounds which absorb iodine is ammoniacal lead hydroxide, which turns brown with a number of peroxides; the test can be intensified with tetrabase and glacial acetic acid, or KBr + fluorescein (lc).
Organic peroxides may be roughly classified by their behaviour with these reagents. With fairly dilute solutions (less than 10-2 molar) the results given in Table I are obtained. These tests may be compared with the samples a, b, c, and d isolated from the slow combustion of pentane by the methods described. All these samples decolorize alkaline methylene blue, and in addition the peroxide in the crude aqueous layer evolves hydrogen with 50% KOH. Owing to the simultaneous presence of formaldehyde in this layer, and possible hydrolysis of peroxides to H 20 2 by the acids present, this test does not necessarily indicate the primary formation of a peroxide R . OOCH2(OH). The peroxides a and d, though they decolorized alkaline methylene blue in the cold, gave no signs of evolving H 2 with stronger alkali.
With acid potassium iodide + starch, all these peroxides gave M > B, initially (F rapid but fades), and the unhydrolysed peroxide in the pentane layer ( a) gave M = B in 15 minutes, this behaviour suggesting an olefine peroxide.
Tests were also made of the effect of these peroxides on engine knock, since the work referred to above had suggested that only certain types of peroxides gave rise to knock. The pro-knock effect of the peroxide in the crude aqueous layer was abnormally low for an ROOR peroxide, and although it was concentrated by adding ether, removing water with anhydrous N a 2S 0 4 and C u S 0 4, and evaporating the ether again, the product still had only a moderate pro-knock effect. A further peculiarity was that the knock only set in after the substance had been sprayed into the throttle for about 300 revolutions. Valeraldehyde alcoxy peroxide of about the same oxidizing power gave rise to immediate definite knock. H 20 2 ............................... M > F Other peroxides tested for their influence on knock were ethylhydroperoxide, diethyl peroxide, butylene peroxide, dimethylketen peroxide, acetyl peroxide, butyryl peroxide, /50-propyl, propyl, and butyl hydro peroxides, and the alcoxy peroxides derived from H 20 2 combined with HCHO, CH3CHO, C 4H 9CHO, C5H u CHO. When sufficient quantities were available and the solubility in petrol was sufficient, standard solu tions were made up, but in a number of cases the rougher test of spraying a fine vapour of peroxide into the throttle at a constant rate had to be used. Ethyl and amyl nitrites, ethyl nitrate, nitromethane, nitrobenzene, and nitrogen peroxide have also been tested,* and all fit in with the scheme * Cf. Egerton, Smith, and Ubbelohde (loc. cit.) . of rupture already discussed, when pro-knock activity is evident at concentrations o f about 10-5 mol fraction.
Thus the chemical tests (with KI) suggested the presence of an olefine type of peroxide, and also an alcoxy peroxide (with alkaline methylene blue). The concentrated peroxide had no corrosive action on the skin, and the reaction with N a H S 0 3 or zinc + glacial acetic acid was not violent. In addition, the knock tests suggested an olefine type of peroxide.
A New Type o f Peroxide: Vinyl Ether Peroxides
The properties of the peroxide isolated during the slow combustion o f pentane agree in a number of ways with vinyl ether peroxides prepared from the three hydrogenated furans and pyrans and since some of these compounds are formed during slow combustion, their further peroxidation at 300° C is almost inevitable. One source of the peroxides isolated during the slow combustion o f the higher hydro carbons is thus made clear.
All these vinyl ether peroxides were prepared by bubbling oxygen through the corresponding liquid, preferably in sunlight. Epoxy 1 -4 CH pentene 5 c j j C H 2 peroxidizes so readily that on passing oxygen O through the liquid near the boiling-point (80° C) a thick mist of peroxide was formed in the vapour, the effect being reminiscent of the mists formed during the slow combustion of pentane. The peroxide of dihydropyran is formed more slowly. When oxygen was slowly bubbled through the liquid at 60° C for 12 hours, using a reflux condenser, sufficient peroxide accumulated to give a very definite test with the lead reagent, and with alkaline methylene blue, but the yield was very poor. Attempts at preparing this peroxide at 200° C in pure oxygen led to an explosion and were discontinued. The rate of formation of epoxy 1 -4 pentene 4 was intermediate between that of the two others.
These vinyl ether peroxides combine the properties of alcoxy peroxides (to which they would give rise on opening the ring by hydrolysis) with those of olefine peroxides. Thus they all bleached alkaline methylene blue in the cold, the reaction being most rapid with the x / C H peroxide. O A A W ith acid potassium iodide the following behaviour was observed:
The resemblance was thus closest between the peroxide of dihydropyran and that isolated as ( a) or (d ) in the slow comb The only difference from (b) observed was that dihydropyran peroxide did not give hydrogen with concentrated N aO H alone. Nevertheless, after standing with HCHO and acetic acid for an hour, dihydropyran peroxide evolved a gas in the cold on adding alkali, which was probably hydrogen. As has been explained above, only the peroxide (b) in the aqueous layer was observed to give hydrogen with strong alkali, and this may have been due to the liberation of H 20 2 in the presence of form aldehyde, by hydrolysis.
The probable course of this hydrolysis* for an analogous reaction with olefine peroxides, leads to hydroxyaldehydes related to the pentoses; this may account for the smell of burnt sugar frequently observed during slow combustion, and near top dead centre in samples taken from the engine cylinder. A second point of interest was the comparison of the total number o f molecules in the crude and partially purified peroxide from pentane, with the total number of peroxide molecules, and with the average molecular weight. Experiments were carried out by measuring the freezing-point depressions of solutions containing weighed amounts of the peroxide, and then titrating, using a molybdate catalyst under C O a to ensure complete reduction of the peroxide by HI. If insufficient H I is added, the iodine first liberated is bleached to H I 0 3.
A sample of the crude aqueous peroxide, after repeated removal o f water in the manner indicated above (about 80% of the whole), gave an average molecular weight of 81, and contained about one-quarter of its molecules as peroxides. Since distillation reveals considerable amounts of acetaldehyde, the molecular weight o f the peroxide would be larger than this value. Reduction of this peroxide with zinc and glacial acetic acid gave rise to a complex mixture, which could not be worked up successfully.
The conclusions from these experiments was that the peroxide from the slow combustion of pentane is in part a vinyl ether peroxide from the peroxidation of dihydropyran, etc., whose formation has previously been substantiated. At present it is not possible to indicate whether this is the sole source.
Tests on the Substance X Responsible fo r the Absorption Band
The absorption band due to the formation of this substance was first detected at the end of the pseudo-induction period for hydrocarbons such as butane and pentanef; the work of BrunnerJ has shown that for such fuels the end of the pseudo-induction period coincides with the decom position of the peroxides, etc., formed during a period of no pressure change. This suggests that X is formed by the decomposition of per oxides, which are thus an earlier product of combustion. Experiments with larger amounts of peroxide support this view.
A t first it was thought that the peroxide itself was responsible for the band, since the addition o f ammoniacal lead hydroxide to the crude aqueous layer removes the band completely. This effect was actually due to the ready oxidation o f X by the lead peroxide formed.
In spite of the high-absorption coefficient, which facilitated a study o f the chemical behaviour, a final analysis has not yet been possible with the relatively minute amounts available from large quantities of pentane. A summary of its properties follows.
(a) Probably formed by decomposition of a peroxide, and distils in steam. A concentrate salted out with N aC l from the 95/98° distillate was used in further tests.
(b) Boiling-point > 100°, but not very much above 100°. Meltingpoint -16° C, fairly soluble in water.
(c) Probably not reactive with brom ine in glacial acetic acid, and molecular weight not very different from 80. (With B r2 only 10% of the total reacted.) ( d) Decomposes on standing in air, gradually oxidizing to a dark brown liquid with faint action on acid potassium iodide F > M > B. Decomposition probably accelerated by K 2C 0 3.
(e) Readily oxidized by lead peroxide in ammoniacal solution, and F e S 0 4 plus a peroxide in acid solution.
(/) High-absorption coefficient for ultra-violet over the region 2800-2500 A.
As has been stated in the preceding section, the absorption region shown by X resembles that of ketones, except for its position in the spectrum. The chemical properties, coupled with the ready change in the presence of acids and potassium carbonate, would suggest an activated carbonyl group as in keto-enol tautomers, but the reaction with phenyl hydrazine and 2-4. phenyl-hydrazine was slow and possibly due to an impurity of dihydropyran, rather than a carbonyl group in the com pound responsible for the band (cf. the action of Bra).
In this connexion, the absorption spectra of ascorbic acid and its derivatives are perhaps significant in throwing light on the structure. In aqueous solution, ascorbic acid gives rise to a single very intense band with head at 2600-2650 A, which is thus practically coincident with the X band. A further similarity is that this band rapidly diminishes in (Facing p . 396) intensity (in a few hours) owing to air oxidation,* and that ascorbic acid is very readily oxidized with the usual reagents.
The structure
RCH O H OH LJ CO for ascorbic acid which is probably responsible for the intense absorption band may be compared with that of the angelilactones, which give a similar band on oxidation, and with that of the peroxides, which probably give rise to small quantities of X on destructive distillation.
In spite of its intrinsic interest, further investigation of this substance is hampered by the very poor yields. Furthermore, it seems to be a secondary product of combustion, and probably does not influence the main reaction appreciably.
3-C onclusions
The conclusion from these investigations is that the formation of O ring compounds is of considerable importance in elucidating the oxidation mechanism of the higher paraffins at low temperatures. It is suggested (cf. Part I) that the formation of saturated O rings, such as methyltetrahydrofuran, corresponds with an internal oxidation by the energy- Although these two compounds are the only ones whose presence has been definitely indicated, other modes of ring closure are not excluded, though the products are more difficult to identify on account of their labile structure in the presence of acids and less characteristic spectra. The formation of peroxides which combine the properties of an olefine and an alcoxy peroxide is probably due to the peroxidation o f unsaturated O ring compounds, since the vinyl ether peroxides which would be formed have the required behaviour.
The formation of a substance X with intense absorption band is probably due to the decomposition o f a peroxide first formed. Its structure may resemble that of ascorbic acid. the crude ethereal distillate by the action of air. The substance was introduced into the engine by spraying the ethereal solution into the throttle, and comparing with pure ether.
Alcoxy hydroperoxides-The various peroxides of the type RCH(OH) OOH and RCH(OH)OORCH(OH) were prepared according to methods described by Rieche* and used in the crude state for knock tests, etc.
Tetrahydropyran by hydrogenation of dihydropyran over platinum black. Boiling-point 86/90°f has penetrating ethereal smell. The absorption spectrum of the product was free from dihydropyran lines, and did not form dihydropyran on slow combustion.
Epoxy 1 . 4 pentene 5 according to P ault from tetrahydrofuryl bro mide + solid KOH, best redistilled in C 0 2 owing to ready peroxidation. Boiling-point 81 *5/83-5°, converted to epoxy 1 . 4 pentene 4 by dilute acids, with blackening (via a c e t o -propyl alcohol C H 3CO(CH2)3OH ing-point 80/83-5°).
D escription of P lates
Plate 5 Fr.,' vol. 53, p. 417; vol. 54, p.1489 (1933); vol. 1, pp. 971,1397  (1934) . Fig. 13-a-Methylfuran vapour (specially purified by freezing) , vapourizer at 5°, 21°, 60° C. Fig. 14-Dihydropyran and hexane vapour at 20° C, (i) pure hexane vapour, 50%;
Fig. 12-Furan vapour from 0°-160° C in air (vapourizer at 20° C).
(2), 25%; (3), 12%; (4), 5%; and (5), 3% of dihydropyran. Fig. 15-Methyl ethyl ketone and acetone, vapourizer at 0°.  Fig. 16-Amyl nitrite in N a from 20°-320° C, vapourizer at 17° C.  Fig. 17-Purified 
